Three distinct 5' ends offtsA mRNA were identified by SI mapping and by primer extension analysis. These are thought to represent three transcription start sites. The transcripts from the downstream and upstream sites were detected throughout growth. The transcript from the middle site was not detected during exponential growth but was detected within 30 min of the start of sporulation, when it was the predominant transcript. Insertion of a cat cassette in the middle promoter,ftsAp2 (p2), did not affect vegetative growth but prevented postexponential symmetrical division and spore formation. Transcription from p2 was dependent on RNA polymerase containing a", and promoter p2 resembled the consensus &r promoter. Transcription from p2 did not require expression of the spoOA, spoOB, spoOE, spoOF, or spoOK loci. Northern (RNA) blot analysis indicated thatftsA is cotranscribed with the adjacentftsZ gene. Multiple promoters provide a mechanism by which essential vegetative genes can be subjected to sporulation control independent of control during vegetative growth. In the case offtsA,Z, the promoters provide a mechanism to permit septum formation in conditions of nutrient depletion that might be expected to shut down the vegetative division machinery.
The formation of spores by Bacillus subtilis is a primitive system of cellular differentiation (25) . It is initiated by nutrient depletion, and there has been intense interest in how this leads to the carefully orchestrated program of gene expression during spore formation. As a consequence, there is now compelling evidence that transcription is activated at the start of sporulation by a phosphorelay system (11) . There is also extensive evidence that either depletion of GTP (and/or GDP) or alteration of some metabolite closely associated with GTP may be a critical signal that initiates spore formation (18) . Despite these and other advances, the determinants of the early morphometric events during spore formation are poorly understood. For example, little is known about the generation of cellular asymmetry, which is a crucial process in differentiation (31) .
The formation of an asymmetrically sited division septum is an early event of sporulation. The asymmetric division results in two distinct cells, the mother cell and the prespore, which have radically different developmental fates. This "sporulation" division (defined as stage II of sporulation) contrasts with division during vegetative growth of B. subtilis, in which the septum is symmetrically situated with respect to the ends of the dividing cell. In addition to the asymmetric division during sporulation, there is likely to be a symmetrical division after sporulation has been triggered in bacteria that were growing in rich medium, where chromosome replication was dichotomous (24, 31) . This final symmetrical division would facilitate segregation of a single completed chromosome into the prespoie. The postexponential symmetrical and asymmetrical divisions occur in starvation conditions that might be expected to be inimical to the normal vegetative division process. However, it would seem reasonable that much of the machinery required to form division septa during spore formation would be the same as that required for septum formation during vegetative growth. It would seem likely that there are, in addition, controls that are unique to spore formation and that are likely to be critical to spore formation. We explore here the regulation of transcription of genes associated with septum formation.
Several genes thought to be involved in the formation of the vegetative septum (27) in B. subtilis have been identified, but their role in spore formation has not been extensively studied. The B. subtilis homologs of the Escherichia coli cell division genesftsA andftsZ have been cloned and sequenced (5) . As in E. coli, the genes are adjacent to each other. They appear to have roles in vegetative cell division similar to those of their E. coli counterparts. Expression of the B. subtilisftsA orftsZ gene in E. coli leads to filamentation and cell death (5) . The B. subtilis mutation ts-1, which causes temperature-sensitive filament formation during vegetative growth, has been shown to map to ftsZ (21) . Beall and Lutkenhaus (7) have recently shown that in B. subtilis, ftsZ has a role in formation of the sporulation septum as well as of the vegetative septum. As a mutation causing temperature-sensitive spore formation, spoIIN279, maps in ftsA (Leighton; quoted in reference 6), it seems likely that ftsA is also involved in spore septum formation as well as in formation of the vegetative septum. We address here the question of how the expression of ftsA and ftsZ might be controlled during spore formation. We show that ftsA and ftsZ are transcribed from a distinct promoter during sporulation. 4648 GHOLAMHOSEINIAN ET AL. (5) was detected. To examine this further, the 5' ends offtsA mRNA were also determined by Si mapping. The DNA fragment to be protected from Si nuclease digestion by the mRNA was generated by reverse transcription of denatured pPP215 DNA, using the oligonucleotide primer corresponding to bases 635 to 652; following reverse transcription, the newly synthesized DNA was cleaved by PvuII (nucleotide 0 of Beall et al. [5] ), generating a 652-nucleotide fragment for hybridization to mRNA. The DNA protected from Si digestion was fractionated by electrophoresis, and its mobility was compared with that of a sequencing ladder obtained with the same oligonucleotide primer. A band is clearly visible at about nucleotide 296 (Fig.  4) . It is most abundant in extracts from exponentially growing bacteria. The band at nucleotide 444 was again predominant in post-exponential-phase samples. A band corresponding to pl is just detectable at the bottom of the gel (Fig.  4) .
It is thought likely that these 5' ends indicate transcription start points, although we have not excluded the possibility of RNA processing. With this reservation, it is tentatively concluded that there are vegetative transcription start points at about nucleotides 554 and 296 and a sporulation-associated start point at 444 (Fig. 3) . The corresponding promoters are designated pl ( (position 296). The vegetative transcripts were detectable at reduced levels in sporulating cultures of the parent strain. Therefore, it is possible that they were still being synthesized in sporulating bacteria after sporulation-specific transcription had started. However, it is also possible that the vegetative transcripts were only present in those cells in the cultures that were not sporulating.
Northern blot analysis was used to estimate the size of the ftsA transcript. RNA samples were fractionated by electrophoresis in agarose containing formaldehyde and transferred to a nylon membrane. The blot shown (Fig. 5) was probed with an 870-bp EcoRI-XmnI fragment from pPP215 that includes most offtsA (probe A, Fig. 1) . A band of approximately 2.5 kb was detected in all samples from both vegetative and sporulating bacteria. The size of the band is that of a transcript containing both ftsZ and ftsA (5). The band was also detected by using a probe (probe B, Fig. 1 (Fig. 6) . A low level of spoOH-dependent expression from the p2-lacZ fusion detected during exponential growth was not observed by primer extension analysis. Neither this difference nor the differences between fusions in the low levels of vegetative expression were investigated further. The postexponential burst of ftsA transcription was also observed with the SPP system of Zuber and Losick (46), using an ftsAp3p2-lacZ fusion in strain SL4134 (Fig. 7) . The burst of expression was not observed in a strain (SL4133) harboring a spoOH17 mutation (Fig. 7) . To check that the spoOHi 7 effect was not a consequence of a mutation of the phage upon lysogeny, phage was induced from SL4133 and used to lysogenize the spo+ strain MB24. The resulting strain gave the same pattern of 0-galactosidase induction as did SL4134 (Fig. 7) . It should be noted that the absolute level of 3-galactosidase obtained for the fusion in SP,B was substantially higher than for fusions in amy (Fig. 6) ; this may represent a position effect, as has been described previously (40 teria (dry weight). The time is the time after the start of sporulation. The plasmids used for insertion at the amy locus were pPP306 (plp2p3), pPP308 (p2), and pPP319 (plp2) (see Fig. 1 ). Symbols: 0, JH642 amyE::ftsAp1p2p3-lacZ; A, JH642 amyE::ftsAp2-lacZ; *, JH642 amyE::ftsAp1p2-lacZ; K, JH642; A, JH651 (spoOH81) amyE:: ftsAp2-1acZ; 0, SL513 (spoOH17) amyE::ftsAp2-lacZ. spoOEII, spoOF221, or spoOK141) prevented the postexponential induction offtsA transcription. Results for spoOA12, as assayed with an ftsAp2pj-lacZ fusion in amyE, are illustrated in Fig. 8 for strain JH646. The pattern was not significantly affected by the presence of an abrB mutation (Fig. 8) . Strain JH646 amyE::ftsAp2pj-lacZ was checked by colony morphology, by competence, and by protease production to confirm that it had not inadvertently acquired an abrB mutation. In contrast, the spoOH81 mutation largely prevented the postexponential induction of ,B-galactosidase from ftsAp2p, (Fig. 8) ; the basal level in the spoOH mutant was higher than for p2 alone (Fig. 6) , presumably indicating some spoOH-independent postexponential expression from pl. Postexponential expression from pl (or p3) was not apparent when p2, p1p2, and plp2p3 fusions in a spo+ strain were compared (Fig. 6) . Studies of pl (and p3) separated from the other promoters are required to clarify their regulation.
Disruption of the promoter ftsAp2. The -10 region of ftsAp2 contains an XmnI site (GAANNNNTTC; Fig. 3 ). This site was used to insert a cat cassette, so as to disrupt p2 (and also transcription from p3). To achieve this, a 1.4-kb cat cassette from SmaI-digested pMI11O1AP was ligated to pPP215 that had been partially digested with XmnI. The plasmid used for insertion at the amy locus was pPP319 (see 5 6 Fig (Fig. 9e) and also 2.5 h after the r study. Analstart of sporulation (Fig. 9f) .
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these represent transcription start points, although the posectable spores sibilities of 5' processing and degradation have not been t to 105 spores ruled out. The downstream and upstream transcripts were Strain SL513, faint and were present throughout growth; the likely promot- ers (pl and p3) have potential -35 and -10 regions that resemble promoters recognized by RNA polymerase holoenzyme containing the major vegetative factor &a (5, 23) (Fig. 3) . The middle transcript was not detected during vegetative growth but appeared within about 30 min of the start of sporulation (defined by the end of exponential growth), when it was the predominant transcript ( Fig. 2 and  4) . The sporulation-associated induction of expression from this promoter (p2) was also observed by measuring 0-galactosidase activity in a strain that contained p2 fused to lacZ (Fig. 6 ). Gonzy-Treboul et al. (20) (43) and disruption of bpf has no effect on spore formation (38) , and (iii) there is a plausible transcription terminator betweenftsZ and bpf (43) . We consider that transcription of ftsA and/or ftsZ from p2 (and/or p3) is necessary for a final symmetrical division and for spore formation; we presume that it is also necessary for the asymmetric division. We think that the effect on spore formation is a consequence of the effect on division, but a causal relationship has not been established. The low level of sporulation that is obtained with strain SL4156 is presumed to be a consequence of readthrough from the promoter in the cat cassette, which somehow permits a small portion of cells to form spores; no sporulation was detected when the cat cassette was inserted in the opposite orientation in strain SL4512.
Disruption of the sporulation promoterftsAp2 by insertion of the cat cassette prevented a final symmetrical division (Fig. 9) (24, 31) which contain single complete copies of the chromosome (12) . In this context, it is very interesting that Dawes et al. (16) had previously deduced that certain sporulation signals occur prior to the final symmetrical division. They had observed a highly significant correlation in the stages of sporulation which sister cells had reached in chemostat populations that were heterogeneous with respect to the stages of sporulation observed.
The morphology of strain SL513, in which aH is inactive, is the same as that of the parent strain MB24 2.5 h after the start of sporulation (Fig. 9) . However, the morphology of strains in which the ftsAP2 promoter, which is apparently utilized by eH, is disrupted differs from that of SL513 and between the morphology ofSL513 and that of strains with p2 disrupted. One possible explanation is that the insert also disrupts expression from p3 and that expression from p3, or p2 plus p3, rather than p2 alone is required for the final symmetrical division; this possibility remains to be tested. A second possibility is that a balance is required between FtsA and FtsZ and some other moiety that is also dependent, directly or indirectly, on e. A third possibility is that loss of eH but not of ftsAp2Ip3 transcription is compensated for in some way so as to increase ftsA/Z transcription from pl.
This last possibility is consistent with the observation that postexponential expression from pl is apparent in a spoOH mutant (Fig. 8) , although not in a spo+ strain (compare Fig.   6 , p2-lacZ and plp2-lacZ).
Transcription of ftsA/Z appeared to be substantially increased at the start of sporulation, as judged by Si mapping, primer extension analysis, and transcriptional lacZ fusions. This might suggest that production of FtsA and FtsZ proteins is increased at the start of sporulation. In E. coli, mild overproduction of FtsZ yields organisms with asymmetrically sited septa (9) . Thus, in B. subtilis, overproduction of FtsZ might partly explain the asymmetric location of the sporulation septum, although it would not be a sufficient explanation, as, in E. coli, the smaller cells produced are anucleate (9) . The generation of asymmetry is one of the most intriguing problems about spore formation, so that even such a partial explanation would be of considerable interest. Unfortunately for this line of reasoning, Beall and Lutkenhaus (7) were unable to detect minicell production when they artificially induced FtsZ overexpression in B. subtilis, and they did not detect an increase in the amount of FtsZ protein during sporulation. There are various ways to explain the change in ratio of transcript to protein product at the start of sporulation that this implies, but no clear conclusion can be drawn about the role of transcript or product in the generation of asymmetry. The level of FtsA protein during sporulation has not been investigated, and its role is also unclear.
Regulation from the three promoters pl, p2, and p3 provides an interesting case of modification of the regulation of an essential vegetative function so as to have a role in sporulation. Carter et al. (13) have reported a e promoter of rpoD, the structural gene for the major B. subtilis a factor, and this could provide another such case. Separate promoters under vegetative and sporulation control could provide a general way in which to regulate the expression of essential genes, such as those required for septum formation, during spore formation.
